Caldicellulosiruptor bescii efficiently degrades cellulose, xylan, and native grasses at high temperatures above 70°C under anaerobic conditions. C. bescii extracellularly secretes multidomain glycoside hydrolases along with proteins of unknown function. In this study, we analyzed the C. bescii proteins that bind to the cell walls of timothy grass by using mass spectrometry, and we identified four noncatalytic plant cell wall-binding proteins (PWBPs) with high pI values (9.2 to 9.6). A search of a conserved domain database showed that these proteins possess a common domain related to solute-binding proteins. In addition, 12 genes encoding PWBP-like proteins were detected in the C. bescii genomic sequence. To analyze the binding properties of PWBPs, recombinant PWBP57 and PWBP65, expressed in Escherichia coli, were prepared. The PWBPs displayed a wide range of binding specificities: they bound to cellulose, lichenan, xylan, arabinoxylan, glucuronoxylan, mannan, glucomannan, pectin, oligosaccharides, and the cell walls of timothy grass. The proteins showed the highest binding affinity for the plant cell wall, with association constant (K a ) values of 5.2 ؋ 10 6 to 44 ؋ 10 6 M ؊1 among the insoluble polysaccharides tested, as measured using depletion binding isotherms. Affinity gel electrophoresis demonstrated that the proteins bound to the acidic polymer pectin most strongly among the soluble polysaccharides tested. Fluorescence microscopic analysis showed that the proteins bound preferentially to the cell wall in a section of grass leaf. Binding of noncatalytic PWBPs with high pI values might be necessary for efficient utilization of polysaccharides by C. bescii at high temperatures.
T
he plant cell wall is the most abundant bioresource on Earth (1), and efficient conversion of the cellulosic biomass to fermentable sugars is a crucial process for cost-effective production of lignocellulosic biofuels (2) . The plant cell wall is composed of polysaccharides (cellulose, hemicellulose, and pectin) and lignin, a heterogeneous aromatic polymer. Cellulose, a ␤-1,4-linked glucose polymer, is the main structural fiber, surrounded by hemicellulose and pectin, and has a tightly packed crystalline structure. Hemicellulose contains a variety of polysaccharides, including xylan (a ␤-1,4-linked xylose polymer), xyloglucan (a ␤-1,4-linked glucose polymer with xylose side chains), glucuronoxylan (a xylan with side chains of glucuronic acid and glucuronic acid methyl ester), mannan (a ␤-1,4-linked mannose polymer), and ␤-1,3/1,4-linked glucose polymers (3) . Pectin is an acidic polymer composed mainly of galacturonic acids with partial esterification.
Microbial degradation of the plant cell wall plays a primary role in the organic carbon cycle on Earth. Many hydrolases that degrade plant cell walls consist of a single glycoside hydrolase (GH) domain and a single carbohydrate-binding module (CBM). CBMs are defined as discrete folds with carbohydratebinding activity within a carbohydrate-active enzyme, such as glycoside hydrolase, glycosyltransferase, polysaccharide lyase, or carbohydrate esterase (4) . CBMs are classified into families based on similarities in their amino acid sequences; currently, more than 60 CBM families have been identified (5) . CBMs present in carbohydrate-active enzymes have been well characterized (6) , but little is known about the biochemical properties and microbiological functions of plant cell wall-binding proteins (PWBPs) that lack a catalytic domain.
Caldicellulosiruptor bescii efficiently degrades crystalline cellulose, xylan, and nonpretreated plant biomass, such as switchgrass and hardwood poplar (7) . C. bescii is an anaerobic, Gram-positive, nonmotile, non-spore-forming, and extremely thermophilic bacterium with a growth temperature range of 40 to 90°C (optimum of 72 to 80°C) (8, 9) , and it is the most thermophilic bacterium capable of efficiently degrading microcrystalline cellulose (10) . A crude extract prepared from C. bescii cells shows stronger degradation activity in relation to microcrystalline cellulose and nonpretreated plant biomass compared to the filamentous fungus Trichoderma reesei (11) . Some cellulolytic bacteria (e.g., Clostridium thermocellum) produce a large cellulase complex called a cellulosome (12) , but Caldicellulosiruptor species do not (10) . To degrade the plant cell wall, Caldicellulosiruptor species secrete a diverse set of free cellulases and hemicellulases along with noncatalytic proteins (13) (14) (15) . The major enzymes are composed of multidomain structures, two GHs, and one to three CBMs (13, 14, 16, 17) . Several multidomain enzymes have been biochemically characterized (18) (19) (20) (21) (22) (23) . Nevertheless, the function and biochemical properties of noncatalytic proteins secreted by Caldicellulosiruptor species are unknown. Therefore, we tested the hypothesis that the proteins secreted by C. bescii include a noncatalytic protein(s) that preferentially binds to polysaccharides present in the plant cell wall. Here, we identify the proteins with high pI values that possess a common domain.
MATERIALS AND METHODS
Bacterial culture. The C. bescii DSM 6725 strain was obtained from the German Collection of Microorganisms and Cell Cultures (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany). Timothy grass (Phleum pratense), which is used as a feed crop for cattle, was dried at 60°C for 2 days and milled with a ZM100 rotor mill (Retsch, Haan, Germany). Milled powder passed through a mesh with 0.08-mm trapezium holes was used as the substrate. C. bescii was anaerobically cultured at 75°C in a basal medium (pH 7.6 to 7.8) consisting of 2 g/liter yeast extract, 20 Preparation of the plant cell wall-binding protein fraction. C. bescii was cultured in the medium containing timothy grass until it reached the middle of the exponential growth phase (approximately 2 days). The culture supernatant was decanted, and then the sedimented timothy grass was packed into a column (0.5-cm diameter, 5-cm height). The packed timothy grass was thoroughly washed with deionized water and transferred to a 1.5-ml microtube. The proteins that bound to timothy grass were eluted by boiling in a 2ϫ sodium dodecyl sulfate (SDS) sample buffer containing 100 mM Tris-HCl (pH 6.8), 4% (wt/vol) SDS, 20% glycerol, and 1 mg/liter bromophenol blue. The eluted solution served as the plant cell wall-binding protein fraction.
Zymography. The plant cell wall-binding fraction was separated using SDS-polyacrylamide gel electrophoresis (PAGE) at 10 mA with an 8% (wt/vol) gel containing 2 g/liter carboxymethylcellulose (CMC). The gel was washed with deionized water once, followed by washing three times with 20 mM 2-(N-morpholino)ethanesulfonic acid (MES) buffer (pH 6.0) for 15 min. The gel was incubated in buffer containing 20 mM MES (pH 6.0), 1 mM CaCl 2 , and 1 mM MgCl 2 at 75°C overnight. The gel was stained with a dye solution (1 g/liter Congo red in 1% ethanol) for 30 min and was then washed with 1 M NaCl until positive signals appeared as clear bands.
Mass spectrometry. Proteins were identified using mass spectrometry as described previously (11) . In brief, the plant cell wall-binding fraction was separated by SDS-PAGE using an 8 to 16% gradient gel and was stained with Coomassie brilliant blue (CBB) dye. The proteins were excised from the gel and then digested with trypsin. The digested peptides were analyzed on a 4800 Plus matrix-assisted laser desorption/ionization time of flight/time of flight (MALDI-TOF/TOF) analyzer (AB Sciex, MA). Genes encoding the binding proteins were identified by using MASCOT software (24) .
Cloning, expression, and purification of recombinant proteins. The DNA fragments encoding amino acid residues 22 to 500 of PWBP57 (GenBank accession number ACM59723) and residues 29 to 557 of PWBP65 (GenBank accession number ACM59962) were amplified from the genomic DNA of C. bescii DSM 6725 by PCR using the primers listed in Table S1 of the supplemental material. Truncated N-terminal regions of these proteins contained a putative secretion signal (25) . The amplified DNA fragments encoding PWBP57 and PWBP65 were inserted into the pCold I (TaKaRa Bio, Inc., Shiga, Japan) and pET28b (Novagen, WI) vectors, respectively, such that the six-histidine tag sequences were fused to the N termini of the protein products. The vectors were introduced into the Escherichia coli strain Rosetta 2 (Novagen), and the recombinant proteins were overexpressed via induction with 0.2 mM isopropyl-1-thio-␤-D-galactopyranoside. The PWBP57 and PWBP65 cells were cultured overnight at 16°C and 18°C, respectively. The two recombinant proteins were purified using the same procedure. Cells producing the recombinant proteins were resuspended in binding buffer (20 mM HEPES [pH 7.2], 20 mM imidazole, 0.3 M NaCl, 1 mM dithiothreitol, 0.025% Tween 20). After cell disruption by sonication, the cell debris was removed by centrifugation at 14,000 ϫ g for 20 min. The soluble fraction was heat treated at 75°C for 20 min and then recentrifuged to remove insoluble material. The soluble fraction was applied to a nickel resin HisTrap HP column (GE Healthcare Biosciences, NJ). After unbound proteins were washed out with binding buffer containing 50 mM imidazole, the recombinant proteins were eluted using binding buffer containing 0.5 M imidazole. Dialysis and removal of the six-histidine tag by protease treatment were performed simultaneously. Factor Xa for PWBP57 or thrombin for PWBP65 was added to the eluted solution, and the solutions were immediately dialyzed against 20 mM HEPES (pH 7.5) buffer containing 0.1 M NaCl and 2 mM 2-mercaptoethanol (2ME) at 4°C overnight. Tag removal was checked after dialysis; tagged proteins were not detected by SDS-PAGE. Tag-removed proteins were further purified using a HisTrap SP HP ionexchange resin (GE Healthcare Biosciences) with a linear NaCl gradient elution from 0.1 M to 1.0 M in 20 mM HEPES (pH 7.5) containing 2 mM 2ME. Purified proteins were dialyzed against buffer M (pH 6.0) containing 20 mM MES and 2 mM 2ME. Protein concentrations were determined with protein assay CBB solution (Nacalai Tesque, Inc., Kyoto, Japan), using bovine serum albumin (BSA) as a standard.
Fluorescence microscopy. The PWBP57 and PWBP65 proteins were fluorescently labeled with the HiLyte Fluor 647 and HiLyte Fluor 555 dyes (Dojindo Molecular Technologies, Inc., Gaithersburg, MD) according to the manufacturer's instructions. Leaves of Italian ryegrass (Lolium multiflorum) were fixed with a solution containing 5% formalin, 5% acetate, and 45% ethanol. The leaves were embedded in paraffin and sliced at 5 to 6 m. After deparaffinization, the sections were incubated with 1 mg/ml BSA in buffer M for 10 min at room temperature for suppression of nonspecific binding. The sections were washed with buffer M and then incubated with the PWBPs (0.1 mg/ml each) in buffer M for 10 min. Localization of the proteins was observed under a laser scanning microscope (LSM 700; Carl Zeiss Japan, Tokyo, Japan).
Insoluble polysaccharide-binding assays. Each protein (7 g) was mixed with insoluble polysaccharides (0.5 to 1 mg), Avicel (Merck KGaA, Darmstadt, Germany), ␣-cellulose (Nacalai Tesque), phosphoric acidswollen cellulose (PASC), insoluble mannan from the ivory nut (Megazyme, Wicklow, Ireland), insoluble xylan from oat spelts (Sigma-Aldrich, MO), insoluble arabinoxylan (Megazyme), wheat starch (Nacalai Tesque), chitin from crab (Nacalai Tesque), timothy grass, or rice straw in buffer M. PASC was prepared from Avicel as described previously (26) . Rice straw was prepared using the same procedure as that used for timothy grass. The mixtures (200 l) were incubated with end-over-end rotation at 25°C for 30 min and then centrifuged at 16,000 ϫ g for 15 min. After removal of the supernatant, the precipitates were extensively washed three times with buffer M. The bound proteins were eluted by boiling in 2ϫ SDS sample buffer and were then analyzed using SDS-PAGE in a 10% (wt/vol) gel. The proteins were visualized with CBB staining, and the intensities of bands were quantified using ImageJ software.
Affinity gel electrophoresis. Each protein (3 g) was analyzed by electrophoresis under native conditions in a 16% (wt/vol) acrylamide gel (pH 5.4 to 5.6) containing 120 mM potassium acetate and 0.1 mg/ml of one of the following: lichenan, a soluble polysaccharide from Cetraria islandica (MP Biomedicals, Inc., CA); xyloglucan from tamarind (Megazyme); soluble xylan from beechwood (Sigma-Aldrich); glucuronoxylan (4-O-methyl-D-glucurono-D-xylan; Sigma-Aldrich); locust bean gum (galactomannan; Wako, Osaka, Japan); glucomannan from konjac (Megazyme); pectin from citrus (Nacalai Tesque). The electrophoresis was conducted at 10 mA and 25°C for 2.5 to 3 h using running buffer (pH 3.8 to 4.0) consisting of 27 mM acetic acid and 70 mM alanine. Methyl green dye was loaded into empty wells, and electrophoresis was stopped according to migration of the dye. The proteins were visualized using CBB staining.
Depletion binding isotherm. Increasing concentrations of the proteins (1 to 10 M) were mixed with insoluble polysaccharides, PASC (2 mg/ml), xylan from oat spelts (3 mg/ml), insoluble mannan (3 mg/ml), or timothy grass (3 mg/ml) in buffer M. The mixtures (200 l) were incu-bated with end-over-end rotation at 25°C for 30 min and then centrifuged at 16,000 ϫ g for 15 min. The concentration of free protein present in the supernatant was determined using protein assay CBB solution. The amount of bound protein was calculated by subtracting free protein from total protein. The binding data were analyzed by nonlinear regression using the single-site binding model (a Langmuir-type isotherm) (27) , which yields the association constant (K a ) and B max (the amount of bound protein at a saturation concentration).
Isothermal titration calorimetry. To suppress dilution heat, the recombinant proteins were extensively dialyzed against buffer M, and ligands were dissolved in the same buffer. Cello-oligosaccharides with degrees of polymerization (DP) values of 2 to 6, xylo-oligosaccharides with DPs of 2 to 6, and mannohexaose, laminarihexaose, and xyloglucan heptasaccharide (Xyl 3 Gluc 4 ) were used as ligands. The protein (50 M) was titrated at 25°C by using successive injections of ligands (0.5 mM) at 120-s intervals with continuous stirring at 1,000 rpm with a MicroCal iTC 200 instrument (GE Healthcare Biosciences). Nonlinear regression with the single-site binding model was used to analyze the binding heat data. Thermodynamic parameters were calculated using the Gibbs free energy equation (⌬G ϭ ⌬H Ϫ T⌬S ϭ ϪRT lnK a ), where H is the enthalpy (in joules), T is the temperature (in kelvin), S is the entropy (in joules per kelvin), and R is the ideal gas constant (8.314 J/mol-K). All oligosaccharides were purchased from Megazyme.
RESULTS
Identification of plant cell wall-binding proteins. When C. bescii was cultured in medium containing microcrystalline cellulose (Avicel), the Avicel appeared as slimy particles (see Fig. S1 in the supplemental material), suggesting that the cells secreted viscous substances. To identify noncatalytic proteins that bind to plant cell walls, we cultured the cells in medium containing timothy grass instead of Avicel, because native plant biomass is a more realistic substrate for C. bescii. Bound proteins were extracted from grass cell walls and analyzed by SDS-PAGE (Fig. 1A) . CMCase activity was detected for bands corresponding to molecular masses of Ͼ110 kDa (Fig. 1B) , which probably resulted from hydrolysis by multidomain enzymes. Mass spectrometry identified 12 proteins, including five multidomain enzymes, in the binding fraction (Table 1) . Four plant cell wall-binding proteins (Athe_0181, Athe_0847, Athe_0597, and Athe_0614) with pI values of 9.2 to 9.6 were identified in bands H to K, which were negative for CMC activity (Fig. 1B) . These proteins were named PWBPs to designate them as plant cell wall-binding proteins, with numbers corresponding to their molecular weights.
Domain structure. The four PWPBs did not show similarity (Ͼ40% amino acid sequence identity) to proteins with known functions in BLAST searches and did not contain a CBM or catalytic domain, according to a Conserved Domain Database (CDD) (28) . Interestingly, the CDD search showed that these proteins possess a common domain related to the solute-binding protein (SBP) superfamily (Fig. 2) . PWBP49, PWBP65, and PWBP66 contain an SBP bacterial family 1 (SBP bac 1) domain. PWBP57 has a two-domain structure containing an N-terminal UgpB domain and a C-terminal conserved domain of unknown function (DUF3502). The UgpB protein, a member of the SBP superfamily, binds to sn-glycerol-3-phosphate and is structurally similar to SBPs (29) . Sequence identity (in amino acid residues) was 13 to 32% among the SBP domains of PWBPs.
Although the mass spectrometric analysis identified 12 proteins, many proteins in the plant cell wall-binding fraction were unidentified, suggesting that additional SBP-related proteins were present in that fraction. We searched for genes encoding SBPrelated proteins that lacked a catalytic domain in the C. bescii genomic sequence, and we detected 12 protein-coding genes (locus tag numbers 0105, 0175, 0849, 1388, 1896, 1913, 1942, 2091, 2264, 2310, 2554 , and 2574 [see Fig. S2 in the supplemental material]). Each of these putative PWBPs possessed a putative secretion signal; their pI values ranged from 8.7 to 9.6 (average, 9.4).
Phylogenetic analysis. Proteins homologous to PWBPs were retrieved from databases through BLAST searches. All Caldicellulosiruptor species possess PWBP homologs (see Fig. S3 in the supplemental material). Outside the genus Caldicellulosiruptor, proteins showing the highest identity to PWBP49 (51 to 52% amino acid sequence similarity) belonged to Deinococcus geothermalis, Clostridium termitidis, and Clostridium cellulolyticum (see Fig.  S3A ). Proteins from Cellulosilyticum lentocellum, C. termitidis, and Clostridium stercorarium showed the highest identity to PWBP57 (46 to 50%). Other proteins with 35 to 41% identity to PWBP57 belonged to various genera in the classes Clostridia and Bacilli (see Fig. S3B ). Proteins with the highest identity to PWBP65 (43 to 46%) belonged to Thermoanaerobacterium thermosaccharolyticum, Thermoanaerobacterium xylanolyticum, and Mahella australiensis. Similar to PWBP57, most proteins related to PWBP65 belonged to microbes in the classes Clostridia and Bacilli (see Fig. S3C ). No proteins with Ͼ35% identity to PWBP66 were found. Binding to the plant cell wall. To evaluate the biochemical properties of the PWBP proteins, we attempted to express the genes encoding PWBP49, PWBP57, PWBP65, and PWBP66 in E. coli. PWBP49, PWBP57, and PWBP65 were successfully expressed (30), but PWBP66 was not, probably as a result of its cytotoxicity. Here, we report the biochemical properties of PWBP57 and PWBP65; PWBP49 is currently under examination. The recombinant PWBP57 and PWBP65 proteins were purified to near homogeneity by using two-step column chromatography (see Fig. S4 in the supplemental material). To analyze the protein localization on plant tissue, the recombinant proteins labeled with fluorescent dyes were incubated with a section of a grass leaf and observed under a fluorescence microscope. PWBP57 and PWBP65 bound preferentially to the cell wall (Fig. 3) . Most stained areas overlapped; however, PWBP57 appeared to bind to xylem surrounding vessels in vascular tissue, whereas PWBP65 appeared to bind to both phloem and xylem. PWBP65 bound more strongly to primary cell walls, while PWBP57 bound to both primary and secondary cell walls.
Binding to insoluble polysaccharides. The binding specificities of the proteins to insoluble polysaccharides were examined in a pulldown assay using SDS-PAGE. PWBP57 and PWBP65 bound to plant cell walls of timothy grass and rice straw and to a wide variety of polysaccharides (Fig. 4) , including Avicel, ␣-cellulose, amorphous cellulose (PASC), mannan, xylan from oat spelts, and arabinoxylan. PWBP57 showed the strongest binding to PASC (9.4 g/mg of substrate). The amount of PWBP65 bound to PASC was at levels similar to those of ␣-cellulose, mannan, xylan, and the plant cell wall (5.5 to 7.2 g/mg of substrate). For both proteins, binding to Avicel and arabinoxylan was weak (1.4 to 1.8 g/mg of substrate) relative to the other substrates. Binding to wheat starch and chitin from crab by both proteins was negligible.
Binding to soluble polysaccharides. Binding specificities to soluble polysaccharides were examined using affinity gel electrophoresis (31). The gel profiles are shown in Fig. 5 and summarized in Table S2 in the supplemental material. In the absence of a substrate, PWBP57 and PWBP65 migrated in the gel because of their positive charges. The presence of pectin in the gel decreased the mobility of the PWBPs most severely, suggesting that these proteins have a strong affinity for pectin. Xylan moderately decreased the mobilities of both proteins. The mobility of PWBP57 was decreased in the presence of lichenan (a ␤-1,3/1,4-linked glucan), but the effect of lichenan was weaker for PWBP65. Both proteins interacted weakly with glucuronoxylan and glucomannan. PWBP65 also interacted weakly with xyloglucan, but the interaction of PWBP57 with xyloglucan was undetectable. Interaction with galactomannan was not detected for either protein. Aprotinin, a trypsin inhibitor with a pI of 10.6, was analyzed as a control protein, using xylan and pectin as substrates. The migration of protein in the presence of xylan or pectin was almost identical to that in the absence of polysaccharide (see Fig. S5 in the supplemental material). This result verified that not all proteins interacted with the polysaccharides in the gels and that changes in migration reflected properties of the protein.
Binding capacity and affinity for insoluble polysaccharides. Binding to insoluble polysaccharides was further analyzed by depletion binding isotherms (31) using four substrates: PASC, mannan, xylan from oat spelts, and cell walls of timothy grass. The raw data are shown in Fig. S6A in the supplemental material and are summarized in Table 2 . Both proteins showed the highest affinity for plant cell walls, with K a values of 5.2 ϫ 10 6 to 44 ϫ 10 6 M Ϫ1 . Xylan was the second-best binding partner for both proteins. As for binding capacity, PASC was the best (4.5 mol/g of substrate) a These SDS-PAGE bands are shown in Fig. 1A . Table 3 ). PWBP57 bound to cello-oligosaccharides from trimers to hexamers, with K a values of 1.1 ϫ 10 7 to 4.1 ϫ 10 7 M Ϫ1 , while heat binding was not detected for the dimer cellobiose. Heat binding of PWBP57 to xylohexaose, mannohexaose, or laminarihexaose (a ␤-1,3-linked glucohexaose) was not detected. PWBP65 bound to both cello-and xylo-oligosaccharides, and its binding affinities for tetramers and pentamers were higher than those for trimers and hexamers. Both proteins bound weakly to the branched oligosaccharide Xyl 3 Gluc 4 , which consists of a cellotetraose main chain with three xylose side chains. Although thermodynamic parameters were not determined precisely, weak heat binding of PWBP65 to cellobiose, xylobiose, mannohexaose, and laminarihexaose was observed, with apparent K a values at 10 4 to 10 5 M Ϫ1 (data not shown).
The binding of PWBP57 to cello-oligosaccharides was an endothermic reaction with increased entropy. In contrast, the binding of PWBP65 to cello-and xylo-oligosaccharides was exothermic with reduced entropy. Binding to Xyl 3 Gluc 4 was exothermic for both proteins.
Circular dichroism analysis was conducted to examine the effects of oligosaccharide binding on protein thermostability (see Fig. S7A in the supplemental material). Binding to cellotetraose increased the melting point (T m ) values of PWBP57 and PWBP65 by 5.5°C and 2.1°C, respectively (see Table S3 in the supplemental material). Competitive binding experiments were performed to compare binding affinities between an oligosaccharide and an insoluble polysaccharide. The binding of PWBP57 and PWBP65 to cell walls of timothy grass was not affected by the presence of cellotetraose, even when the oligosaccharide concentration was increased up to a 10-fold excess over that of the proteins (see Fig.  S7B ). 
FIG 4 Binding of plant cell wall-binding proteins to insoluble polysaccharides
as measured in the pulldown assay. The proteins were mixed with insoluble polysaccharides, and the bound proteins were eluted by boiling in 4% SDS. The eluted protein fraction was analyzed using SDS-polyacrylamide gel electrophoresis, and the intensity of bands was quantified using ImageJ software. Data are means Ϯ standard deviations.
DISCUSSION
We identified four noncatalytic PWBPs with high pI values (9.2 to 9.6) that are secreted by C. bescii. According to database searches, the amino acid sequences of PWBPs do not show significant similarities to those of proteins with experimentally verified functions, and they do not contain a CBM or catalytic domain. Fluorescence microscopy demonstrated that PWBP57 and PWBP65 preferentially bind to plant cell walls. PWBPs possess a common domain related to SBPs, as predicted by the database searches. All Caldicellulosiruptor species have the PWBP-homologous genes. PWBPs are currently annotated with extracellular solute-binding proteins in databases, but biochemical experiments that demonstrate their function have not yet been reported. In addition to the four PWBPs, 12 genes encoding putative PWBPs are present in the C. bescii genome (see Fig. S2 in the supplemental material) ; extracellular secretion of each of these putative PWBPs has been experimentally confirmed (13, 14) . C. bescii secretes a wide variety of PWBPs, including the 12 putative PWBPs; this observation points to the importance of noncatalytic polysaccharide-binding proteins in the utilization of polysaccharides. Proteins showing similarity to PWBPs are found in various bacteria, including cellulolytic or hemicellulolytic bacteria, such as C. lentocellum, C. termitidis, and C. stercorarium (32) (33) (34) . Nevertheless, proteins homologous to PWBPs were not detected in cellulosome-producing bacteria.
On the basis of database searches, PWBP57 is predicted to contain two domains, UgpB and DUF3502. The UgpB domain belongs to cluster B in the SBP superfamily and is structurally similar to SBPs (29) . Most SBPs with specific binding to saccharides are classified in cluster B and are a component of ATP-binding cassette (ABC) transporters for substrate uptake. Despite little sequence similarity, the overall three-dimensional structure of SBPs is highly conserved (35) . SBPs consist of two globular domains connected by a hinge region, and the substrate-binding site is located at the interface between the two domains. Substrate binding leads to a conformational change from an open to a closed form in which the two domains are tightly packed, stabilizing the substrate-protein complex. The binding of PWBP57 and PWBP65 (35) . Typically, binding of a protein to a soluble carbohydrate is enthalpically driven with entropic compensation; this mechanism is consistent with the thermodynamics of PWBP65. On the other hand, the binding of PWBP57 to cello-oligosaccharides is an endothermic reaction driven by an increase in entropy. Increased entropy in protein-ligand binding is thought to result from dehydration at the contact surface (27) . Thus, the conformation of the contact surface and amino acid residues responsible for substrate binding probably differs between PWBP57 and PWBP65. Both proteins bind weakly to the branched oligosaccharide Xyl 3 Gluc 4 rather than to its straight form, cellotetraose, indicating that they show a preference for straight-chain saccharides. The branched side chains of Xyl 3 Gluc 4 may apply steric constraints to the predicted globular domains to induce the closed conformation. Binding of PWBP57 to xylohexaose, mannohexaose, or laminarihexaose is not detectable, but this protein can bind to their longer forms-xylan, mannan, and lichenan, respectively. Binding of PWBP57 to these saccharides appears to require sugar chains with lengths greater than a hexamer.
PWBP65 displays wider substrate specificity than PWBP57 in relation to oligosaccharides; the former binds to xylo-oligosaccharides and weakly to mannohexaose and laminarihexaose. Although they have similar characteristics, these proteins also show differences in polysaccharide binding. In particular, the binding capacity of PWBP57 for PASC is 4-fold greater than that of PWBP65, and the affinity of PWBP57 for insoluble xylan is 10-fold higher than that of PWBP65. Fluorescence microscopic analysis revealed slight differences between the profiles of leaf cells to which PWBP57 and PWBP65 bind. The walls of xylem cells are larger and are more lignified than phloem cell walls, which are more cellulosic. Plant cell walls consist of a variety of polysaccharides, and the surface structures formed by these polysaccharides differ among plant species. C. bescii may require many types of PWBPs to recognize the different surface structures of plant cell walls.
Among the insoluble polysaccharides tested, the binding affinities of PWBP57 and PWBP65 are highest for the plant cell wall. Binding of the proteins to the cell wall is not affected even when cellotetraose is present (see Fig. S7B in the supplemental material), suggesting that the proteins exhibit a preference for polysaccharides over oligosaccharides. Affinity gel electrophoresis shows that the proteins bind most strongly to acidic soluble polysaccharides (pectin). Hemicellulose has negatively charged residues, such as glucuronic acid in glucuronoxylan (3) . Because PWBPs are highly basic proteins (pI 9.2 to 9.6), it is possible that the high affinity for the plant cell wall results from interactions with the negatively charged residues in hemicellulose and pectin.
CBMs present in glycoside hydrolases have been well characterized, but the role of noncatalytic binding proteins secreted by plant cell wall-degrading bacteria is poorly understood. Enzymesubstrate binding is a key step for efficient degradation of insoluble polysaccharides, including cellulose. CBMs facilitate binding of enzymes to substrates and enhance catalytic activity (6) . Removal of a CBM leads to a reduction or a complete loss of catalytic activity toward insoluble polysaccharides, whereas the activity toward soluble substrates is often not affected (36, 37) . Swollenin of T. reesei and EXLX1 of Bacillus subtilis are noncatalytic cellulosebinding proteins (38, 39) that are related to plant expansins (40) . These proteins loosen filter paper by disrupting hydrogen bonds between cellulose microfibrils. EXLX1 is a basic protein (pI 9.2) that reportedly enhances cellulase activity (41) . We tested the filter paper-loosening activities of PWBP57 and PWBP65 by using an extensometer, but we did not detect activity (data not shown). In addition, we tested the enhancement of cellulase activity by the PWBPs by using a truncated cellulase consisting of GH9 and a CBM3 from C. bescii CelA (18) ; no enhancement was observed (data not shown).
In most cases, binding of proteins to insoluble substrates is weakened at high temperatures because of increased kinetic energy. This effect may pose a problem for the extremely thermophilic bacterium C. bescii, which can grow at temperatures up to 90°C (9) . Our present data show that when C. bescii is cultured in Avicel-containing medium, the Avicel appears as slimy particles, a phenomenon that is likely to be caused by secreted substances. The viscous coating on the Avicel particles might help the cells or proteins remain bound to the particle surface at high temperatures. The concentration of bacterial cells in high-temperature environments, such as hot springs, is generally much lower than that in medium-temperature environments. Because C. bescii cells are nonmotile, efficient access to the plant cell wall is expected to be crucial to the wall degradation process. We can hypothesize that PWBPs bind to and neutralize negatively charged regions on the plant cell wall and that the basicity of these proteins attracts negatively charged molecules to the binding sites. The C. bescii multidomain enzymes are slightly acidic (pI 5.6 to 6.1 [ Table 1 ]) and are expected to interact nonspecifically with the basic PWBPs. On the basis of this hypothesis, multidomain enzymes might be recruited to regions bound by PWBPs on the plant cell wall. The bacterial cell wall typically has a net negative charge (42) . Teichoic acids are negatively charged cell wall polymers in Gram-positive bacteria and they perform important functions in cell adhesion and biofilm formation (43) . We speculate that the positively charged residues of PWBPs are involved in bacterial adhesion to the plant cell wall through nonspecific interactions.
